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Redistribution of renal blood flow in acute and chronic reduction
of renal mass. Acute clamping of the vascular pedicle of a kidney
decreases the sodium reabsorption in the proximal tubule of the
contralateral kidney. Under these conditions, no change in the
intrarenal blood flow could be demonstrated either by krypton85
disappearance curves, autoradiograms, or silicone rubber
vascular casts. On the other hand, when the renal mass was
chronically reduced using Bricker's model, and 70 to 80% of the
branches of the renal artery were ligated (stage 11), the blood
flow rates of the first and second components of the experi-
mental remnant kidney (626± 16 and 133± 8 ml/min/100 g)
were comparable to those of the control kidney (679 41 and
127 5 mljmin/lOO g). However, the initial distribution of the
radioactivity was significantly decreased in the first compartment
of the experimental remnant kidney in comparison to that of the
control kidney (81 1.5% vs. 63 7%). These changes were
reversed for the second component (14± 4% vs. 27± 5%). The
autoradiograms and silicone rubber vascular casts confirm these
observations. In stage II dogs that had not been used for experi-
mental procedure, the normal kidney was removed (stage III).
An impressive vasodilatation was observed in all regions of the
remnant kidney, along with the marked diminution of the proxi-
mal and distal sodium reabsorption. These hemodynamic changes
cannot be explained by changes in blood pressure nor by the
uremia per se since dogs which were uninephrectomized only
presented the same vascular changes. Other mechanisms respon-
sible for the hemodynamic changes observed should therefore be
considered.
Effet de la diminution aiguë et chronique de Ia masse paren-
chymateuse rénale sur Ia distribution intrarénale du flux sanguin.
Le clampage subit du pédicule vasculaire d'un rein diminue la
reabsorption du sodium au niveau du tube proximal du rein
contralateral. Dans ces conditions, aucun changement du flux
sanguin intrarénal n'a Pu être démontré soit par des courbes de
disparition du krypton85, des radioautographies ou des moules
vasculaires au microfil. Par contre, lorsque la masse paren-
chymateuse rénale est réduite de façon chronique 6 l'aide du
modéle de Bricker, nos résultats démontrent que lorsque 70 6
80% des branches de l'artére rénale sont ligaturées (stage 2),
la vitesse du flux sanguin des premiere et deuxiéme composantes
du rein <<restant>> experimental (626 16 et 133 8 ml/min/lOOg)
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est comparable aux résultats obtenus dans le rein témoin
(679 41 et 127 5 ml/min/100 g). Toutefois, la distribution
initiale de la radioactivité est diminuée de façon signifieative dans
le premier compartiment du rein <<restantx' experimental com-
parativement au rein témoin (81 1.5% vs. 63± 7%). Ces
changements sont inverses au niveau de Ia deuxième composante
(14± 4% vs. 27± 5%). Les radioautographies et les moules
vasculaires au microfil confirment ces observations. Chez les
chiens du stage2qui ne furent pas utilises pour des manipulations
expérimentales 6 ce stage, le rein normal a été enlevé (stage 3).
A l'aide des mémes techniques, il a été observe que, parallélement
6 Ia diminution importante de Ia reabsorption proximale et
distale du sodium, une vasodilatation marquee était décelée dans
toutes les regions du rein "restant". Ces changements hemo-
dynamiques ne peuvent s'expliquer par les modifications de Ia
pression artérielle pas plus que par l'urémie en soi, puisque ehez
des chiens uninéphrectomisés seulement les mêmes modifications
vasculaires ont Cté observées. D'autres mécanismes doivent done
être envisages pour expliquer les ehangements hémodynamiques
qui ont été observes au cours de ces experiences.
The homeostasis of sodium balance is relatively well
maintained even in the late stages of chronic renal fail-
ure. This is due, for the most part, to the adaptation
of the kidney, which compensates for the decreased glomer-
ular filtration rate by a marked elevation of fractional
sodium excretion. Brieker hypothesized that only intact
nephrons participate in urine elaboration during chronic
renal failure [1], and he developed an animal model in
which a remnant kidney is used to elucidate the mechanisms
responsible for this adaptation [2], Using this model for
micropuneture studies, Wen et al [3] examined more
closely the handling of sodium and water by different
segments of the renal tubule under these conditions. They
found in control dogs (stage I) that the acute clamping of
the vascular pedicle of one kidney did not influence
fractional sodium excretion by the eontralateral kidney,
but that the TF/P inulin ratio in the proximal tubule of
the contralateral kidney was decreased. They also observed
that the slight increase in the fractional sodium excretion
both in dogs with a normal kidney and a unilateral remnant
Intrarenal blood flow and reduction of renal mass 365
kidney (stage II), and in dogs with a remnant kidney after
removal of the contralateral normal kidney (stage III)
became much more apparent during extracellular volume
expansion. The increased fractional sodium excretion
observed in azotem i c stage Ill dogs was accompanied by
a reduction in sodium reabsorption in the proximal tubule
as well as in the loop of Henle.
In order to investigate further the mechanisms respon-
sible for the changes in the reabsorptive capacity of the
nephron, intrarenal distribution of blood flow was studied
under these three conditions using krypton85 disappearance
curves, autoradiograms, and silicone rubber injections. The
acute clamping of a kidney in stage I dogs was found not
to influence the intrarenal blood flow distribution in the
contralateral kidney, whereas a progressive vasodilatation
of the inner medullary blood vessels was observed in stagell
and III dogs.
Methods
Mongrel dogs (15 to 25 kg) were studied under three
different experimental stages. In stage I, normal dogs were
anesthetized and the function of the left kidney was
evaluated before and after occlusion of the renal artery of
the contralateral kidney. In stage II 70 to 80% of the
secondary branches of the renal artery near the pelvis were
ligated to produce the remnant kidney while the other
kidney was left intact. Three weeks following this procedure
the renal function of the two kidneys was evaluated under
anesthesia. Stage III animals were prepared by removing
the normal kidney of stage II dogs which had not been
used for experimental procedures. At the time of study
between 1 and 2 weeks following the removal of the normal
kidney, the serum creatinine concentration was usually
between 3 and 4 mg/l00 ml in stage III dogs.
Stage I. Five mongrel dogs were anesthetized with
pentobarbital. A femoral artery and vein were cannulated
for the constant recording of the arterial blood pressure and
for the infusion of isotonic saline (2 mI/mm) during the
experiment. Both ureters were cannulated via a suprapubic
incision for timed urine collections to measure urine
volume, sodium excretion and clearances. The left renal
artery was catheterized with a polyvinyl chloride catheter
(I.D. 0.015 in. and O.D. 0.030 in.). The left renal vein was
also catheterized with a larger catheter (I.D. 0.045 inches
and O.D. 0.060 inches) using the same method [4]. Priming
doses of PAH and creatinine were injected into the femoral
vein and were followed by the constant infusion of PAH
and creatinine dissolved in the isotonic solution. Following
a 40 to 60 mm equilibration period, a control 85Kr dis-
appearance curve was recorded. During this period, urine
was collected and blood was withdrawn from the renal
vein and femoral artery at the midpoint of four 15 mm
periods for the calculation of clearances and PAH extrac-
tion (EPAH). Following these control periods, the renal
artery and vein of one kidney were ligated. Thirty minutes
later, four experimental periods and another 85Kr dis-
appearance curve were recorded in the contralateral kidney.
At the end of the experiment, the kidneys were removed
at different times following the injection of 85Kr into the
renal artery and prepared for autoradiography [5]. In
another dog of this series, similarly prepared, the kidney
was infused with silicone rubber and casts were prepared
as previously described [6].
Stage II. Five dogs of this group were studied approxi-
mately three weeks after partial ligation of the branches
of the renal artery to one kidney. Dogs were anesthetized
with pentobarbital and the two renal arteries were cathe-
terized. The procedure in stage I dogs was again followed
for the measurement of clearances. A 85Kr disappearance
curve was first obtained for the normal kidney, followed
90 mm later by another curve in the remnant kidney.
Following these curves, 85Kr was rapidly injected into the
renal arterial catheters and the two kidneys were removed
simultaneously at predetermined times for the preparation
of autoradiograms. In two other dogs of the same group,
silicone rubber casts were prepared.
Stage III. Six animals of this group were studied under
pentobarbital anesthesia. The ureter was cannulated and
the renal artery and vein were catheterized as previously
described. Six 20 minute clearance periods were obtained
during which two 85Kr disappearance curves were recorded.
At the end of these periods, the kidneys were also prepared
for autoradiograms. In two other dogs of this group,
injections of silicone rubber were performed.
For measurements of the intrarenal distribution of blood
flow, 85Kr dissolved in 0.2 to 0.3 ml of saline (0.85 g/l00 ml)
was injected rapidly into the renal arterial catheter. This
amount was sufficient to obtain an initial radioactivity of
100,000 cpm. Since the dead space of the catheter was
only approximately 10 uI, no subsequent flushing was
necessary and the blood was allowed to run freely out of
the catheter. The rate of disappearance of the radio-
activity was then monitored over a period of 60 mm and
the curves were analyzed as originally described by Thor-
burn et al [5]. For reasons previously described, only the
results of the first two components will be reported [7].
For the preparation of the vascular casts, 100 ml of
silicone rubber was injected for 7 to 9 mm into the aorta of
the living animal at the level of the renal arteries through
a catheter inserted via the femoral artery. Immediately
before the injection, the aorta was clamped above and
below the renal arteries so that the tip of the catheter was
free within the lumen of the aorta between the ligatures.
The silicone rubber was injected at the exact pressure that
was recorded previously in the animal. At the end of the
injection, the renal pedicles were clamped and the kidneys
left in situ for a period of 30 mm and then prepared as
previously described [6].
Urine and plasma sodium were determined by flame
photometry, and creatinine and PAH were measured using
the Technicon Autoanalyser [8].
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Results
The results of the 85Kr disappearance curves recorded
in the left kidney before and after acute clamping of the
vascular pedicle of the right kidney are summarized in
Table 1. Neither the blood flow rates nor the distribution
of the radioactivity in components I or II of the untouched
kidney were influenced by this procedure. The autoradio-
grams of these kidneys removed at different times after
the injection of 85Kr into the renal artery were also com-
parable to those obtained from normal control dogs. The
vascular casts obtained after silicone rubber injection also
demonstrated that the filling of the vessels was comparable
to that which is normally observed under control condi-
tions. Indeed, the vessels of the outer and inner cortex
and the outer medulla were well filled whereas the vasa
recta of the inner medulla contained very little silicone
rubber (Fig. 1).
Table 2 indicates that, following the clamping of the
vascular pedicle of one kidney in stage I dogs, the arterial
blood pressure and Ccreat increase slightly but signif-
icantly. On the other hand, the CPAH, EPAH, urine volume
and fractional sodium excretion are unchanged in the
contralateral untouched kidney.
Table 1 indicates that the blood flow rates of the first
two components are comparable in the right control kidney
and the remnant kidney of stage II dogs. On the other
hand, the percentage of initial radioactivity distributed in
the first component was significantly higher in the right
kidney in comparison with the remnant kidney. A signif-
icantly higher amount of radioactivity was observed in the
second component of the remnant kidney in comparison
with the right kidney. The mean arterial blood pressure of
these animals was comparable to that observed in stage I
dogs after clamping of the renal pedicle (Table 2) whereas
EPAH was decreased (although not significantly). The CPAH,
Ccreat and V were significantly lower in the remnant
kidney in comparison with the contralateral kidney whereas
FENa was significantly higher. The autoradiograms demon-
strate that the rate of disappearance of the 85Kr from the
nonischemic regions of the cortex was comparable to that
observed in normal kidneys. On the other hand, it was
observed that the radioactivity appeared more rapidly in
the deeper regions of the kidney (inner medulla) (Fig. 2 b)
since under normal conditions (Fig. 2a), even in over-
exposed autoradiograms, it was never present at the tip
of the papilla at that time. This autoradiogram (Fig. 2b)
also suggests that the radioactivity disappears more rapidly
from the outer medulla. At the same time it was demon-
strated with silicone rubber casts (Fig. 3 b) that the vessels
of the inner medulla of the remnant kidney were dilated
and easily filled with silicone rubber, mostly in the regions
of the inner medulla corresponding to ischemic regions of
the overlying cortex. In contrast, it was impossible to fill
the vasa recta of the inner medulla of the contralateral
control kidney (Fig. 3a).
Table I indicates that the blood flow rates and initial
distribution of radioactivity in the remnant kidney of stage
III dogs were comparable to those observed under control
conditions in stage I dogs.
Table 2 demonstrates that the arterial blood pressure of
stage III dogs was significantly higher than the blood
pressure of stage I dogs before clamping of the contralateral
kidney. The urine volume and fractional sodium excretion
of these animals during hydropenia were comparable to
those observed under control conditions. On the other hand,
the CPAH, EPAR, and Ccteat were significantly lower than
those observed under control conditions. Autoradiograms
of kidneys removed from these dogs one minute after
Fig. 1. Silicone rubber vascular cast of the left kidney removed
after clamping of the contralateral kidney. Special attention must
be paid to the fact that the vasa recta of the inner medulla contains
very little silicone rubber.
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Table 1. Summary of mean blood flow rates (± SEM) and distribution of radioactivity in the first two components (C) of the 85Kr
decay curves in dogs of the three stages
Stage blood flow rate Initial radioactivity
ml/min/lOOg %
CI CII CI CII
I(N=5)a L R L R L R L R
Control 702b+76 125± 8 85±2 12±1
Clamping 655±75 119±4 82±4 14±3
lI(N=6) 679±41 626±16 127±5 133±8 63c±7 81±1.5 27c±5 14±1.4
III(N=6) 7SSd±46 125±6 81±4 16±3
Abbreciations: L= left; R= right; CI =Component I; CII= Component II
a Number of dogs in each group
b None of the values in stage I dogs changed after clamping when compared with a paired t test
e Different from the corresponding value (P<0.05) in the right kidney when compared with a paired t test
d None of the values in stage III dogs were different from mean control values in stage I dogs
Table 2. Summary of mean arterial blood pressure and clearance (± saM) in dogs in three stages
Stage B.P. CPAH EPAH Ccreat V FENa
mmHg mi/mm % mi/mm mi/mm %
I(N=5) L R L L R L R L R
Control 126±7 111 10 76±2 41 3 0.54± 0.1 0.56± 0.25
Clamping 132a±6 105±9 72±4 46a'±4 0.53±0.1 0.74±0.34
II (N= 4) 133±2 58±6 l3Ob±S 68±4 17±2 45b±3 O.l2±O.O1O.2lb±O.Ol 0.97±0.07 O.65"±O.07
I1I(N= 6) 138e±2 64c± 17 62d+ 3 l'7'±4 0.4± 0.04 1.4±0.4
Abbreviations: B.P., blood pressure; CPAH, clearance of PAH; Ccreat, clearance of creatinine; V, urine volume; FENa, fractional
excretion of sodium
a p < o.oi, a': P <0.05 when compared with corresponding value with a paired t test
b P<0.001 when compared with values of contralateral kidney with a paired t test
P <0.05, d: p <0.01, e: P <0.001 when compared with corresponding mean control value of stage I dog.
a b c
Fig. 2. Autoradiographs of a normal kidney removed 4 mm after 85Kr injection from a control dog (2a) and of remnant kidneys from
stage II (2b) and stage III (2c) dogs removed at the same time. Most of the outer medulla is still radioactive and 85Kr did not reach
the tip of the papilla in the normal kidney whereas the 85Kr disappeared from most of the outer medulla and has reached the tip of
the papilla in the remnant kidneys.
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Fig.3. Silicone rubber vascular Casts of the control (3a) and remnant kidney (3b) of a stage II dog. In the remnant kidney the filling of
the vasa recta of the inner medulla, mostly in the left side of the picture where the cortex is ischemic, is exaggerated in comparison
with the control kidney.
Fig. 4. Autoradiographs of a normal
kidney removed one minute after
85Kr injection from a control dog
(5a) and of a remnant kidney (5b)
from a stage III dog removed at the
same time. In both kidneys, only
traces of radioactivity are still
present in the cortex. 85Kr is
localized mostly in the inner cortex
and outer medulla of the normal
kidney whereas it is already present
in the inner medulla of the remnant
a b kidney.
r38 '. !
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Silicone rubber injection specimens clearly demonstrate
(Fig. 5) that marked vasodilatation is present in the non-
infarcted regions of the remnant kidney of stage III dogs.
Discussion
Fig. 5. Silicone rubber vascular cast of the remnant kidney of a
stage III dog demonstrating the marked filling of the vessels of all
regions of the kidney including the vasa recta.
85Kr injection (Fig. 4 b) demonstrated that the radioactivity,
contrary to what was observed under control conditions
(Fig. 4a), was already present in the inner medulla of the
remnant kidney. As previously observed in stage II dogs
(Fig. 2b), 4 mm after the injection of 85Kr (Fig. 2c), the
radioactivity had almost disappeared from the inner cortex
and outer medulla and was concentrated mostly within the
inner medulla, a phenomenon which is not normally
observed at such a short period of time following 85Kr
injection.
The changes in the clearances observed after clamping
of the contralateral kidney in stage I dogs (Table 2) are
comparable to those previously reported by Wong [9]. The
main changes observed consist of slight decreases and
increases in CPAH and Cereat, respectively, together with
a slight increment of the arterial blood pressure. The 85Kr
disappearance curves, the autoradiograms, and silicone
rubber casts did not disclose any changes in the intrarenal
blood flow distribution under these conditions. It is, there-
fore, impossible to attribute the acute diminution of
proximal sodium reabsorption observed by micropuncture
[10, 11] to changes of blood flow. The elevation of the
arterial blood pressure through modifications in the pen-
tubular forces involved in sodium reabsorption is not a
better explanation since in the micropuncture studies of
Wong and Dirks [11], proximal reabsorption was reduced
after acute contralateral clamping despite a reduction in
perfusion pressure of 30 mm Hg. In the present study, as
previously demonstrated [9], the decreased sodium re-
absorption in the proximal tubule was compensated further
along the tubules since the fractional sodium excretion
remained unchanged. It is interesting to note that this
compensation, which is not observed in the two other
groups, occurs at a time when no indication of either renal
vasodilatation or changes of blood flow can be detected
in the outer or inner medulla.
In stage II dogs, the intrarenal blood flow distribution
observed by the three methods in the intact kidneys was
comparable with the observations in control kidneys of
stage I dogs. The blood flow rates for the first and second
component of the remnant kidney are comparable to those
observed in the contralateral control kidney. However, the
percentage of initial radioactivity in the first component,
corresponding to the outer cortex, is significantly decreased
whereas it is increased in the second component. This
component most probably corresponds to the blood flow
rate in the peritubular capillaries of the inner cortex and
outer medulla. The autoradiograms and silicone rubber
casts illustrate that the decrease in the size of the first
component is accounted for by the infarcted regions of the
outer cortex which are not perfused. Indeed, the rate of
disappearance of the radioactivity in the rest of the cortex,
as demonstrated by the autoradiograms and the filling of
the vessels of the outer cortex observed with silicone rubber
casts, are comparable to what has been usually observed.
On the other hand, the relative increase in the size of the
compartment represented by the second component is
readily explained since either on autoradiograms or silicone
rubber casts the deeper regions of the cortex and the outer
medulla were well filled in all kidney slices, even in regions
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underlying ischemic areas of the outer cortex. On silicone
rubber casts, a much better filling of the vessels of the inner
medulla corresponding to ischemic regions of the outer
cortex was observed in comparison with those in non-
ischemic regions. Surprisingly, in comparison with the
normal region of the kidney, the juxtamedullary glomeruli
corresponding to the vasodilated vasa recta are much less
numerous and less filled with silicone rubber. This obser-
vation leaves open the question as to whether part of the
circulation in the vasa recta, under these conditions, might
bypass the glomeruli or go through degenerated glomeruli,
occurrences which would explain the more rapid filling of
those vessels with silicone rubber. However, in stage Ill
dogs, the juxtamedullary glomeruli were as well filled and
numerous as those observed under control conditions, an
observation that is inconsistent with any suggestion that
the filling of the vasa recta may occur through aglomerular
pathways.
Since in micropuncture experiments in these animals,
the proximal or distal tubules which were sampled cor-
respond to normally perfused regions, it is tempting to
establish a correlation between the integrity of the regional
blood flow distribution in these parts of the kidney and the
normal handling of sodium and water reabsorption in the
corresponding tubules.
A decrease in sodium reabsorption could occur in Henle's
loops in those tubules which correspond to regions where
an increased blood flow in the vasa recta is suspected, as
we will discuss later. These changes could be masked
by the normal function of the rest of the kidney, a process
which would explain why no more than slight increases in
fractional sodium excretion are observed under these
conditions. On the other hand, a similar set of circum-
stances could account for exaggerated fractional sodium
excretion by the remnant kidneys in comparison with
control kidneys following extracellular volume expansion
[3, 12].
In stage III dogs, the intrarenal blood flow distribution
measured by 85Kr disappearance curves was not different
from control conditions. However, the relative volume of
the first component (outer cortex), calculated as previously
described [13], was slightly lower than that recorded under
control conditions (48% in comparison with 56%) but
higher than in the remnant kidney of Stage II dogs (30%).
In comparison with the observations in stage II dogs, this
may appear surprising. However, the silicone rubber casts
demonstrate that a tremendous vasodilatation is present
in the vessels of all regions of the kidneys. This vaso-
dilatation is evident mostly in the peritubular capillaries of
the outer and inner cortex and in the vasa recta. The
glomerular capillaries appear more filled than under normal
conditions but the dilatation of the preglornerular vessels
is more difficult to establish. Since the volume of the outer
cortex is much larger than that of the inner regions of the
kidney, a slight vasodilatation in the outer cortex may
mask an even greater degree of vasodilatation in the deeper
regions of the kidneys. Under these conditions the initial
distribution of the radioactivity between the different
components of the washout curves would tend to approach
normal values, as observed in the present experiments. The
vasodilatation of the outer and inner cortex is not ac-
companied by a significant increase in the blood flow rate
per gram of tissue in these regions, even though the blood
pressure is elevated. This can be explained by the fact that,
for the same blood pressure, wide variations in the cortical
blood flow rate can be noticed from one animal to the other
and even in the same animal when the blood flow rates are
measured at different intervals. On the other hand, the
blood flow rate in the vasa recta of the outer and inner
medulla, which is probably not represented by the first two
components of the 85Kr washout curves, appears to be
markedly increased. The autoradiograms, reveal more
rapid appearance and disappearance of krypton in that
region. Since urine volume is low and cannot account for
any washout of the krypton from the medulla, this finding
indicates a higher rate of blood flow in the vasa recta.
The stable blood flow rate of the outer cortex, which rules
out higher velocity of the blood flow in this region as an
explanation for the decreased EPAH, [14], rather tends to
support a pattern of redistribution of the blood flow
toward the inner medulla [15].
The outer cortical vasodilatation, together with the
increased blood pressure, may explain, via changes in
peritubular physical forces [16], the decreased sodium
reabsorption observed by micropuncture in the proximal
tubule when nephron mass is reduced chronically but not
acutely. On the other hand, it has also been suggested that
the decreased water and sodium reabsorption by the loop
of Henle observed during hypertension either in man or rat
[17—19] could be related to medullary vasodilatation
secondary to an increased perfusion pressure. In agreement
with this theory, a tremendous outer and inner medullary
vasodilatation was observed in the present experiments,
mostly in stage III dogs, and it could explain the com-
parable micropuncture observations in all of these condi-
tions [3, 19]. However, evidence that physical factors have
a direct effect on the tubular transport within the loop is
not available. The medullary vasodilatation may reduce
loop reabsorption more indirectly, or it may be the result of
a more primary changes in sodium reabsorption within the
loop of Henle.
The mechanisms responsible for the changes in intra-
renal blood flow distribution, in stage III dogs particularly,
are still unknown. The changes in blood pressure in the
present series do not seem to readily explain this pheno-
menon since the silicone rubber casts in one animals of this
group with a mean blood pressure of 130 mm Hg were
similar to those of another animal in which the mean blood
pressure was 170 mm Hg at the time of the experiment.
Moreover, in animals in which the kidney was acutely
clamped, the opposite kidney was perfused with silicone
rubber at pressures varying from 100 mm Hg up to
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300 mm Hg, and even though the outer cortex was slightly
better filled at higher pressures, the outer and inner medulla
were never better filled than under control conditions. On
the other hand, in three animals uninephrectomized three
weeks prior to the experiments and not uremic and in
which the blood pressure varied from 105 to 165 mm Hg,
the silicone rubber injections demonstrated a marked
vasodilatation of the cortex and outer and inner medulla
comparable to that observed in stage III dogs. This elimi-
nates the hypothesis that increased arterial blood pressure
and uremia has a part in the production of intrarenal blood
flow changes in stage III dogs. Other mechanisms will
have to be evaluated [20].
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